A method for the simultaneous determination of tocols (α-, β-,γ-, δ-tocopherols and α-, β-,γ-, δ-tocotrienols) in cereals using Normal Phase-HPLC (Merck; column LiChroCART 250-4, Lichrospher Si 60, 5 μm) with fl uorescent detection (Ex290 nm/Em350 nm) was validated. A mixture of hexane, ethyl acetate and acetic acid (97.3:1.8:0.9, v/v/v) was used as the eluent (1.6 ml/min). The analyses were performed after spectrophotometric standardization of standard ethanol solutions. The residual coeffi cients of variation for the regression equation y= ax 2 + bx + c were 0.001-3.8%, with r 2 >0.999. The limit of quantitation was 0.05 mg/kg, the upper limit of determination range from 40 to 60 mg/kg, repeatability 6.2-11.8%, and reproducibility 8.7-18.4%. Uncertainty of the method (P≤0.05), estimated for the analyses performed in replicate, ranged from 28.9 to 85.9% for the tocol concentration of 0.05-0.80 μg/ml and from 14.7 to 27.3% for the concentrations above 0.80 μg/ml. Recovery was 93.3-103.1%. The analytical method described is precise, fast and inexpensive.
INTRODUCTION
Tocopherols and tocotrienols, collectively known as tocols, are biologically active substances which are favourable for human and animal health. They belong to the group of fat-soluble vitamins, the best known of which is α-tocopherol. Eight naturally occurring compounds with vitamin E activity have been identifi ed: α-, β-, γ-and δ-tocopherols and α-, β-, γ-and δ-tocotrienols. The most important biological function of tocols is their antioxidative activity. Some studies have shown that α-tocotrienol is a more potent free radical scavenger than α-tocopherol, once considered the strongest antioxidant (Packer, 1995; Panfi li et al., 2003) . Tocopherols and tocotrienols protect against infertility and reproductive disorders as well as showing hypocholesterolaemic Quereshi et al., 1995 Quereshi et al., , 2002 Theriault et al., 1999; Ryynänen et al., 2004) and anticancer effects (Schwenke, 2002) . Rich sources of tocols include vegetable oils, oilseeds and cereals, which are a staple of the human diet.
The main analytical technique used for determination of all tocols in a single run is Normal Phase High-Performance Liquid Chromatography (NP-HPLC) (KamalEldin et al., 2000; Panfi li et al., 2003; Ryynänen et al., 2004) combined with smallscale sample preparation characterized by low consumption of organic solvents used for saponifi cation and extraction, unlike the traditional sample preparation methods (AOAC, 1990) . The good point of this technique, using mainly polar silica column and eluent based on hexane with polar organic substances addition, is to receive a very good separation of all the eight tocols. Reversed Phase High-Performance Liquid Chromatography (RP-HPLC) technique, with use of non-polar, e.g., octadecylsilica columns and on methanol based eluent, doesn't possess this merit. In this case, the separation of β-and γ-tocopherol isomers is impossible or very diffi cult. Although different procedures are used to prepare samples for analysis, extraction of saponifi ed tocols from sample matrix appears to be the most universal Ryynänen et al., 2004) .
The most reliable results possible are obtained by performing analyses after previous validation of the analytical method (Gąsior et al., 2005; PN-EN ISO/IEC 17025:2005) . Validation provides documented evidence that the procedure used is performing as designed. It characterizes the research method whose parameters are essential for showing that the method is reliable. Method characteristics includes parameters such as adjustment of the calibration curve to calibration points, limit of quantitation, range of determination, repeatability, reproducibility, limit of repeatability, uncertainty and recovery (Ellison et al., 2000; Dobecki, 2004) . Especially, the general principles of uncertainty estimation were given by these authors. Despite an increasing number of validation and uncertainty studies (ISO, 1993; Arendarski, 2003) , especially those dealing with physical measurements that are widely used in technical sciences, there are few studies concerning chemical analysis (Gąsior et al., 2005) .
The aim of the present study was to validate a method for simultaneous determination of the level of four isomers of tocopherols (α-, β-, γ-, δ-) and four isomers of tocotrienols (α-, β-, γ-, δ-) in cereal grains by NP-HPLC technique, using an eluent composed of hexane, ethyl acetate and acetic acid (97.3:1.8:0.9, v/v/v) . The method was characterized for validation parameters mentioned above.
An important aspect of the study, not found in the literature on chromatographic analyses, is a detailed discussion of the issues related to the identifi cation and estimation of uncertainty components.
MATERIAL AND METHODS

Reagents
The reagents used were n-hexane with ethanol gradient grade for HPLC (Merck, Germany) and analytical grade ethyl acetate, acetic acid, isopropyl alcohol (2-propanol), ethanol 95-96% (Chempur, Poland) potassium hydroxide and sodium chloride (POCH, Poland), and pyrogallol (>98%, Fluka, USA). Sodium chloride (10 g/l) and potassium hydrochloride (600 g/l) solutions were made using double-distilled water. α-tocopherol, α-tocotrienol, β-tocopherol, γ-tocopherol, β-tocotrienol, γ-tocotrienol, δ-tocopherol and δ-tocotrienol standards were used. Tocotrienols were provided by Davos Life Science PTE LTD (Singapur), α-tocopherol by Fluka (USA) and the other tocopherols by Calbiochem (USA). Inert gas (nitrogen) was also used to prepare the samples.
Equipment
Apparatus -an Agilent Series 1110 HPLC system (USA) equipped with a pump, autosampler and fl uorescent detector was used. Data were integrated using Agilent ChemStation software. Conversions were performed on a PC using Excel. The following were also used to prepare the samples: screw-cap tubes (Schott, 12 ml), screw-cap vials (15 ml), a vortex mixer (Vortex, Germany), an ultrasonic cleaner, a water bath and a feed grinder (Lab-mill-I, QC-114, Hungary). Standards were standardized using a Beckman DU640 spectrophotometer.
Conditions for HPLC chromatographic analysis
Chromatographic separation was carried out on a 25 cm long column LiChroCART 250-4, Lichrospher Si 60 (5 μm, Merck, Germany) under the following conditions: FL detector, λ wavelength: Ex290 nm Em330 nm; injection 50 μl; eluent (fl ow rate 1.6 ml/min) -n-hexane:ethyl acetate:acetic acid (97.3:1.8:0.9, v/v/v) , duration of analysis 37 min, pressure 58-68 bar. An ultrasonic cleaner was used prior to analysis for eluent degassing. Before each sample series was analysed, the column was conditioned for 70 min using 10% isopropanol solution in n-hexane (v/v).
Standardization of standard solutions
Standards were standardized using spectrophotometric measurements at the following wavelengths: 292 nm (α-tocopherol, α-tocotrienol), 296 nm (β-tocopherol, β-tocotrienol), 297 nm (γ-tocotrienol, δ-tocotrienol) and 298 nm (γ-tocopherol, δ-tocopherol). The concentrations of standard tocol solutions, made in ethanol matrix, were corrected based on tabular data for extinction coeffi cient (E 1cm 1% ) of 75.8, 89.4, 91.4, 87.3, 86.0, 86.2, 91 .0 and 85.8 for α-tocopherol β-tocopherol, γ-tocopherol, δ-tocopherol, α-tocotrienol, β-tocotrienol, γ-tocotrienol and δ-tocotrienol, respectively (Eitenmiller and Landen, 1999) . Standard solutions were kept under nitrogen at 2-8°C in vials wrapped in aluminium foil. This way stored standards solutions were rather stable through about 16 months, although the extinctions of the tocopherols and β-tocotrienol solutions seemed slightly to increase no more than about 10%. The standards solutions were initially standardized once every few days, but then more occasionally. The last standardization was performed after about 500 days.
Preparation of standard solutions for analysis
For recovery tests, concentrated solutions of tocols, nominally 2000 µg/ml of each in ethanol, were used to make a standard mixture of tocols (S add ). Nominal concentrations of each tocol in S add were 100 μg/ml. For routine analyses, standard mixtures of tocols (S rout ) were also made by diluting concentrated alcohol solutions of each tocol with 1% isopropanol solution in n-hexane (v/v), until the nominal concentrations of 0-24 μg/ml were obtained. Nominal tocol concentrations in the standards were adjusted to obtain actual concentrations, based on the results of previous standardization. The analyses of S rout mixtures were used to plot the calibration curve, which served as a basis for determining the concentration of tocols in the analysed samples.
Preparation of samples and making analyses
Ground samples (approx. 100 g) were mixed, and 0.5 g of the representative sample of a given material was weighed to a reading accuracy of 0.0001 g and put into 12 ml vials (Schott). One ml of pyrogallol in ethanol (60 g/l), 0.5 ml of the aqueous solution of potassium hydroxide (600 g/l), 0.5 ml of the aqueous solution of sodium chloride (10 g/l) and 0.5 ml of ethanol were added. Vials were sealed, shaken on a vortex mixer for approx. 10 sec, and transferred to a 70°C water bath, where the samples were saponifi ed for 45 min. After cooling, 4 ml of aqueous sodium chloride solution (10 g/l) was added, followed by double extraction of 4 ml ethyl acetate and n-hexane mixture (1:9; v/v) and shaking (Vortex) of the sealed vial for approx. 0.1 min. The extracts were combined and evaporated (15 ml vials) to dryness under nitrogen in a water bath (40°C). The remainder was diluted in 0.5 ml of 1% isopropanol and n-hexane mixture (v/v), and the solutions obtained were injected (50 μl) on a chromatographic column. The same procedure was used for making blank samples except that no sample was added. When samples with the standard were prepared (recovery tests), 0.1 ml of the S add standard was added to the vial containing a weighed sample prior to saponifi cation.
Chromatographic analyses were performed for S rout standards, blank samples and cereal samples. The concentration (mg/kg) of α-tocopherol, α-tocotrienol, β-tocopherol, γ-tocopherol, β-tocotrienol, γ-tocotrienol, δ-tocopherol and δ-tocotrienol in the analysed material (in order of appearance on the chromatogram) was determined in relation to the S rout standard, with regard to blank sample and recovery. Recovery was determined by making chromatographic analyses of S rout standards, cereal samples and cereal samples with the added S add standard.
Calibration curves, limit of quantitation, and ranges of determination
In the nominal range (0 to approx. 24 μg/ml) of each tocol, 14 standard mixture solutions (14-point calibration), 10 standard mixture solutions (10-point calibration) and 4 standard mixture solutions (4-point calibration) were made. Successive solutions were obtained after appropriate dilution of concentrated alcohol solutions of each tocol (nominally 2000 µg/ml in ethanol) with 1% isopropanol solution in n-hexane (v/v). Nominal concentrations of tocols were adjusted to obtain actual concentrations, based on the results of previous standardization. Following the chromatographic analysis of the above solutions, two types of calibration curves were plotted for each component: linear y = ax + b and second: degree polynomial y= ax 2 + bx + c, for which the coeffi cient of correlation r 2 and residual coeffi cient of variation were calculated (Excel). The residual coeffi cient of variation was defi ned as a relative mean deviation (%) from the regression line (residual error) in relation to the mean independent variable for calibration curve (x axis). For routine determination of tocol concentrations in the samples, a 4-point polynomial calibration curve was plotted (in the range from 0 to approx. 24 μg/ml for each tocol). Partial uncertainty, which is a component of method uncertainty, was determined for this curve.
The limits of quantitation (LOQ) for individual tocol isomers were determined as the lowest, non-zero concentration of a given tocol, selected from the range of calibration curve, and expressed in μg/ml and in mg/kg.
The range of tocol determinations was determined based on the concentration of tocols from the calibration range, with regard to the relationship between method uncertainty and the level of concentration of the tocol being determined. For each tocol determined, two ranges of determination were assigned: the fi rst range -from the limit of quantitation to a certain concentration from the calibration curve, for which method uncertainty stabilizes, reaching as low a value as possible; the second range -from the upper limit of the fi rst range to adequately converted amounts of tocols resulting from the upper ranges of calibration curves. These amounts, treated as maximal and capable of being used for practical determination of tocol concentrations in the analysed samples, were determined based on the analytical procedure used (with regard to recovery), assuming a double dilution of the sample solution before chromatographic analysis, and increased by approx. 15% (this excessive calibration range had no signifi cant effect on the analysis results). The range of determinations was expressed in mg/kg.
Repeatability, reproducibility, limit of repeatability
Repeatability was defi ned as being not lower than the pooled coeffi cient of variation (CV k ) for determinations of tocols, carried out in a given series and on a given day, in cereal grain samples in replicate, and calculated from the formula (1): (1) where: the coeffi cient of variation (CV) for determinations of a given tocol in a given sample was calculated from the formula (2): (2) where: k -number of samples; SD -standard deviation for analysis of two samples of the material studied; X av -mean from two measurements of a given sample.
Reproducibility was defi ned as being not lower than the pooled coeffi cient of variation for determinations of tocols in cereal grain samples, carried out in replicate on the same day and analogous determinations of the same samples on the second day. To determine reproducibility, consecutive pairs of determinations from both days were combined, using analogous formulas as for the repeatability calculation.
Double the repeatability value was assumed as the limit of repeatability.
Uncertainty
The uncertainty of the method (confi dence level 95%) was calculated by expansion (coverage factor k e =2) of combined standard uncertainty (confi dence level 68%). Combined standard uncertainty was calculated from partial standard uncertainties, in accordance with the law of uncertainty propagation (ISO, 1993; Ellison et al., 2000) . According to this principle, combined standard uncertainty u c (y(p,q..) ) for the function that is the sum or difference of components p, q.. (in model equation (5) p = C p , q = C bl ) was calculated from the equation (3): (3) For the function that is the product or quotient of factors p, q, .. (e.g., in model equation (5) p=V, q=f d ), combined relative (%) standard uncertainty was calculated from the equation (4): (4) where the terms under the radical in equation (3) are the squares of partial standard uncertainties, and in equation (4) they are the squares of partial relative standard uncertainties.
Partial uncertainties were identifi ed based on the function expressed by the model equation (5):
where: P -tocol content of the sample (mg/kg); C p -tocol concentration in the sample of the material analysed (μg/ml), determined from the calibration curve; C bl -tocol concentration in the blank sample (μg/ml), determined from the calibration curve; V -volume (ml) of the isopropanol added in n-hexane (1% isopropanol, v/v) to the samples after evaporation of the extract; f dfactor of possible dilutions performed during sample preparation and analysis; n g -weighed amount of the sample (g); R -recovery. Partial standard uncertainty of the apparatus calibration u(c 0 ) (uncertainty of measured concentration c 0 ) was calculated using the formulas (6, 7, 8):
where: S x^ -the mean square deviation of concentration c i in the standard solution from concentration c^ read from the calibration curve. S xx -the sum of squares for the deviation of concentrations c i from the mean concentration c av of a given tocol; p -the number of measurements of the same solution of a given sample, read as c 0 ; n k -the number of calibration points (concentration levels of a given tocol).
Issues related to the identifi cation of uncertainty factors and the calculation of combined uncertainty are treated at length in the Discussion.
Recovery
The recovery of all tocols was tested on different cereal samples (n=8). Recovery was determined by comparing the concentration of a given component added to the sample, measured in relation to the calibration curve plotted based on S rout standards, with the expected concentration.
Materials studied
In validation tests, repeatability was determined using barley, wheat, triticale, rye and oat grain (a total of 30 samples, k = 30, formula 1), and reproducibility (determinations on two different dates) was determined using 10 samples of barley grain and 2 samples of oat grain (k = 12 × 2=24, formula 1). In addition, routine analyses of 10 samples of 3 varieties of barley grain (fi rst and second variety from 3 regions, third variety from 4 regions), 3 samples of wheat grain (one variety, 3 regions), 2 samples of triticale grain (one variety, 2 regions) and 2 samples of oat grain (a total of 17 samples) were performed in replicate. After grinding, cereal grains were prepared according to analytical procedures and analysed.
RESULTS
The calibration curves, made in a wide range of concentrations from approx. 0.05 µg/ml (2.5 ng/injection) to approx. 24 µg/ml (1200 ng/injection) were characterized by coeffi cients of correlation r 2 exceeding 0.999 and residual coeffi cients of variation of 0.1-5.3% (linear calibration) and 0.001-3.8% (polynomial calibration).
The limit of quantitation was determined from the calibration curve as the lowest, non-zero concentration of tocols in the standard solution, and amounted to 0.05 µg/ml (0.05 mg/kg).
Two ranges of determination were set, as determined by changing uncertainty value according to the concentration of the tocols being determined. These ranges (with greater uncertainty) varied from 0.05 to 0.80 mg/kg and (with smaller uncertainty) from 0.81 to: 60 mg/kg (α-tocopherol), 45 mg/kg (α-tocotrienol), 60 mg/kg (β-tocopherol), 60 mg/kg (γ-tocopherol), 60 mg/kg (β-tocotrienol), 50 mg/kg (γ-tocotrienol), 50 mg/kg (δ-tocopherol) and 40 mg/kg (δ-tocotrienol).
Repeatability and reproducibility (CV k , %) were 7.1 and 12.0 for α-tocopherol, 6.7 and 12.0 for α-tocotrienol, 10.6 and 18.4 for β-tocopherol, 8.6 and 8.7 for γ-tocopherol, 6.2 and 11.8 for β-tocotrienol, 11.5 and 12.1 for γ-tocotrienol, 11.8 and 14.0 for δ-tocopherol, and 8.7 and 11.0 for δ-tocotrienol, respectively. The limits of repeatability (threshold CV k , %) for these tocols were 14.1, 13.5, 21.2, 17.2, 12.4, 23.0, 23.6 and 17.3, respectively. The sources of uncertainty were identifi ed based on the model equation (5). The diagram (Figure 1 ) was used to create uncertainty budgets for each tocol. A sample budget for the determination of α-tocopherol content made in replicate is shown in Table 1 (threshold level of concentration = 0.80 μg/ml) and in Table 2 (threshold level of concentration = 0.05 μg/ml). The uncertainties of the method (1) next to a source of uncertainty denotes that a given element was already included in the repeatability-reproducibility factor in the uncertainty budget. The source of uncertainty, designated with a bracketed fi gure, is not treated as a separate factor affecting method uncertainty and as such it is not distinguished in the uncertainty budget Relative method uncertainty U% 95 after expansion, k e =2 U% 95 =2 x u% 68 = 18.8 a i -limit of error for measuring equipment or standard, estimated based on the authors' own observations or on data provided by manufacturers, concerning the i-th uncertainty factor Relative method uncertainty U% 95 after expansion, k e =2 U% 95 = 2 x u% 68 = 58.2 a i -as in Table 1 U% 95 (k e =2) for two ranges of concentration of the tocols determined, estimated for the analyses made in replicate, are given in Table 3 . The ranges given in the Table 3 , expressed in μg/ml and mg/kg, are practically equivalent, which is due to the appropriate conversion of the results according to the methodology used. The effect of the tocol concentration on relative standard uncertainty (u 2re-p0cal %) of the repeatability-reproducibility factor, blank sample and apparatus calibration, is shown in Table 4 , and the proportions of individual components of relative standard uncertainties (using the example of α-tocopherol, c>0.80 μg/ml) are shown in Figure 2 .
The recovery (%) of tocols from the cereal grains analysed are given in Table 5 . The results of routine analyses of cereal grain samples are given in Table 6 . A sample chromatogram for the analysis of barley sample is shown in Figure 3 . Table 6 . Tocol content of different cereal varieties
Tocols, mg/kg ± SD α-tocopherol 10.15 ± 1.03 8.85 ± 1.01 8.56 ± 1.71 17.07 ± 4.93 17.76 ± 2.49 13.12 ± 0.83 α-tocotrienol 28.41 ± 1.03 29.30 ± 3.45 47.44 ± 1.02 6.99 ± 1.96 19.66 ± 3.96 26.19 ± 1.88 β-tocopherol 0.53 ± 0.04 0.26 ± 0.14 0.26 ± 0.09 7.93 ± 2.42 4.14 ± 0.66 0.89 ± 0.10 γ-tocopherol 4.68 ± 0.56 1.74 ± 0.71 1.65 ± 0.51 0.09 ± 0.04 0.17 ± 0.02 0.21 ± 0.18 β-tocotrienol 5.66 ± 1.24 3.68 ± 1.12 4.25 ± 0.39 31.75 ± 6.38 31.32 ± 5.95 3.82 ± 0.33 γ-tocotrienol 11.62 ± 0.56 7.69 ± 1.67 12.74 ± 2.37 0.66 ± 0.63 0.17 ± 0.12 0.11 ± 0.06 δ-tocopherol 0.98 ± 0.23 nd nd nd nd nd δ-tocotrienol 1.30 ± 0.05 1.13 ± 0.30 1.14 ± 0.06 0.24 ± 0.08 0.15 ± 0.07 0.13 ± 0.07 k' -number of samples of cereals of a given variety from different regions nd -not detected (below LOQ) Figure 2 . Proportions of components of relative (%) method standard uncertainties for α-tocopherol concentrations above 0.80 (μg/ml ≈ mg/kg); analyses performed in replicate DISCUSSION Adjustment of calibration points to calibration curves, limit of quantitation and ranges of determination. The linear characteristics in the 2-80 ng/injection range for the relationship between detector response and the concentration of the tocols determined (r 2 >0.999) were reported by Ryynänen et al. (2004) . It should be expected, however, that this characteristics may change into a non-linear form for a wider range of concentrations of the tocols determined. To adjust calibration curves to a wider range of concentrations of the tocols determined, two calibration curves (linear and polynomial) were characterized in the present study. Both concerned a wider range of concentrations than that used in the above study: from approx. 2.5 to approx. 1200 ng/injection. The polynomial (y = ax 2 + bx + c) and linear (y = ax + b) calibration curves were characterized by high coeffi cients of correlation (r 2 >0.999), but the fi t of calibration points to calibration curves was slightly better for the polynomial calibration, as confi rmed by slightly lower residual coeffi cients of variation for this form of calibration. For this reason, the concentration of tocols in routine analyses was calculated based on polynomial calibration. Using the method described in the present study, it is possible to determine tocols for concentrations as low as 0.05 µg/ml. It should be noted, however, that the determination of tocols occurring at such low concentrations is associated with a large error (large uncertainty), resulting mainly from the close proximity of the level of these concentrations to the concentrations of tocols determined in a blank sample and from the poorer fi t Figure 3 . Chromatogram for barley sample analysis: α-tocopherol (1), α-tocotrienol (2), β-tocopherol (3), γ-tocopherol (4), β-tocotrienol (5), γ-tocotrienol (6), δ-tocopherol (7), δ-tocotrienol (8) of calibration points to the calibration curve. For this reason, it was appropriate to set two ranges of determination for each tocol, characterized by different uncertainty values.
Repeatability, reproducibility, limit of repeatability. The error expressed in units (standard deviation SD) or the error expressed as relative % (coeffi cient of variation CV, or pooled coeffi cient of variation CV k ) can be used to characterize method repeatability and reproducibility. It was assumed that the repeatability was not less than the pooled coeffi cient of variation for determinations performed with the same method, using identical material, in the same laboratory, by the same laboratory assistant and during the same time period. Reproducibility was defi ned as being not less than the pooled coeffi cient of variation for determinations performed using the same method and identical material, in the same laboratory, by different laboratory assistants at different times. The coeffi cient of variation is the basic parameter for expressing determination error. The values of the coeffi cients of variation depend on the errors the coeffi cients contain. These can include errors of determination by the apparatus itself, but can also include other errors, e.g., errors at any stage of sample preparation and errors of determination at different laboratories that use different methods, different laboratory assistants or different determination times (Ellison et al., 2000; Dobecki, 2004) . For this reason, the coeffi cients of variation determined for reproducibility conditions (more error factors) are generally greater than the coeffi cients determined for certain repeatability conditions (fewer error factors). Ryynänen et al. (2004) reported the results of repeatability and reproducibility studies (as CV) for tocol determinations in rye fl our (1.5-19.0%) and tocopherol determinations in rape seed oil (6.0-36.4%), showing higher CV values for the determinations of tocols occurring at lower concentrations in the samples and for the determinations of the majority of tocotrienols. The same authors indicated that CV values also depend largely on the type and uniformity of the material analysed. In the present study, the two parameters that determine variation between analyses (repeatability and reproducibility) were separated, and their values were similar to those reported by Ryynännen et al. (2004) .
To determine the criterion of when a given sample should be reanalysed, the limit of repeatability (Dobecki, 2004) , assumed to be double the repeatability value, was designated. More specifi cally, this means that the coeffi cient of variation for the measurement of two samples of the material analysed using the same method, in the same laboratory, by the same laboratory assistant and during the same time period should not exceed double the repeatability value in more than 5% of the cases. If this condition cannot be fulfi lled, the analysis should be repeated. If the limit of repeatability is exceeded again, it is necessary to extend the limit of repeatability (uncertainty is greater than assumed) for a given sample or series of samples.
Identifi cation of uncertainty factors and uncertainty of the method.
In accordance with the model equation (5), method uncertainty is affected by factors associated with the determination of C p and C bl concentrations of the tocol analysed, V volume added to a sample of 1% isopropanol solution in n-hexane (v/v) after previous evaporation of the extract, dilution f d , weighed amount of sample n g and recovery R. These factors of uncertainty, resulting from the model equation, can be grouped with regard to a separate factor associated with repeatability and reproducibility -the parameters determined during the validation of the method. This procedure makes it possible to simplify the estimation of method uncertainty, because repeatability and reproducibility tests include most of the uncertainty elements identifi ed with individual parameters of the model equation (Figure 1 ). These elements, chosen from the sources of uncertainty shown in the diagram and capable of being treated as separate factors of uncertainty that affect method uncertainty, are summarized in the uncertainty budget. These are (fi gures in brackets designate the numbers of particular parts of the diagram for the sources of uncertainty): repeatability-reproducibility (1), uncertainties of the determinations of blank sample C bl (2), apparatus calibration -polynomial curve (2), standard purity (2), recovery R (6), bias of standard solution standardization (2), bias of the pipettes and fl asks used for making standard solutions (2), bias of sample preparation (3) and bias of the pipettes and fl asks used for dilutions (4). The uncertainty budget does not include factors related to weighing. One of them is the resultant bias, associated with scales error (indicated by a cross-out in part 5 of the diagram, Figure 1 ). It is reduced to zero because when the weight of a substance is determined, two weighings are actually performed, and the weight of the substance weighed is the difference between gross weight (substance and vessel) and tare weight (vessel alone). The other elements of uncertainty associated with weighing (temperature, humidity, precision of calibration) were not distinguished as separate factors of uncertainty because they were already accounted for in repeatability-reproducibility. The uncertainty budget also includes no temperature factor or factors associated with the precision of pipettes and measuring fl asks and the precision of standardization of standard solutions, which, like the analogous factors of weighing uncertainty were already included in repeatability-reproducibility. This procedure is consistent with Ellison et al. (2000) , who recommended avoiding double calculation of uncertainty components.
Relative partial standard uncertainties u i % concerning standard purity, standardization of standard solutions (only in the part concerned with bias, not included in repeatability-reproducibility) and the fl asks and pipettes used (only in the part concerned with bias) were calculated based on certain threshold errors a i (expressed in relative form, %). In fact, bias and the a i value that defi nes it, refl ect correctness (or, more appropriately, incorrectness) defi ned as the difference between the mean value estimated based on measurements and the actual value represented by the standard or by the predicted volume (nominal value) of the fl ask or pipette. Assuming a symmetrical rectangular distribution of the mean values measured around the actual (nominal) value in the range determined by a i, , uncertainties u i % are expressed using the formula u i %=a i /√3 (ISO, 1993; Ellison et al., 2000) . For fl asks and pipettes, a i values were estimated based on the calibration procedure adopted in the laboratory and the resulting guidelines. a i values concerning standard purity and the standardization of standard solutions were estimated based on the manufacturers' declarations (standard purity) or the data from calibrations performed by the service (spectrophotometer-standardization).
For the subsequent estimation of method uncertainty for two concentration ranges, partial standard uncertainties of calibration u(c 0 ) for two threshold values c 0 (0.05 and 0.80 μg/ml) were calculated using the formulas (6, 7, 8) , and converted into relative form %.
Relative partial standard uncertainty of the recovery of a given tocol was calculated statistically as the coeffi cient of variation for mean arithmetic recovery from 8 measurements.
Combined standard uncertainty was calculated in accordance with the law of uncertainty propagation. First, in accordance with equation (3), calculations were made for partial standard uncertainty for individual determinations related to repeatability-reproducibility CV k and for partial standard uncertainty of the blank sample (both expressed in μg/ml). The latter was calculated as the standard deviation of the arithmetic mean (SD/√n, n=9). Combined uncertainty (μg/ml), calculated in this way, was converted into relative value (%) in relation to two threshold levels of the concentrations of the tocols determined, and composed in accordance with equation (4) with relative standard uncertainty (%) of the apparatus calibration in relation to standard solutions (polynomial calibration curve, p=1, n k =4, formula 6), calculated for the same two threshold levels of concentration. These two relative standard uncertainties (calculated for the concentration levels of 0.05 and 0.80 μg/ml), composed of the three partial uncertainties mentioned above, relate to a single measurement of the sample solution (u 1rep0cal %). For the material that was analysed twice (two solutions analysed on the chromatograph came from two simultaneously weighted samples of the same material), relative standard uncertainties u 2rep0cal % were calculated (Tables 1 and 2 , factor of uncertainty -repeatability-reproducibility, blank sample, apparatus calibration) by dividing u 1rep0cal % by √n (n=2). Using relationship (4), uncertainties u 2rep0cal % were composed with the other relative partial standard uncertainties, associated with standard purity, standardization of standard solutions, recovery and with pipettes and measuring fl asks used for the analyses. In this way, standard method uncertainties (u% 68, P≤0.32), expressed in % and related to two levels of concentration (0.05 and 0.80 μg/ml) for each tocol determined, were obtained. To calculate relative uncertainties of the method (U% 95 , P≤0.05), the relative standard uncertainties obtained above, covering all of the sources of uncertainty identifi ed, were multiplied by the coverage factor k e =2 (Ellison et al., 2000) . Calculation for each substance determined of two relative uncertainties of the method, related to two threshold concentrations, made it possible to estimate method uncertainty in two ranges of concentrations of the tocols determined (Table 3) : 0.05-0.80 μg/ml (uncertainty assumed for 0.05 μg/ml) and above 0.80 μg/ml (uncertainty assumed for 0.80 μg/ml).
The fact that method uncertainties were different for both ranges of method uncertainty was due to different relative uncertainties of the factor of repeatabilityreproducibility, blank sample and apparatus calibration (u 2rep0cal %), whose effect on combined method uncertainty is the greatest (Figure 2 ). This factor assumes an exceptionally high value for the determination of tocols occurring at low concentrations (0.05 μg/ml), and then rapidly decreases and stabilizes, starting from the concentration of ≈ 0.80 μg/ml (Table 4 ). This is due to uncertainty elements associated with blank sample and apparatus calibration, the proportion of which in partial uncertainty u 2rep0cal %, and thus in method uncertainty U% 95 , decreases with the increasing concentration of the tocols determined, reaching a negligible value close to zero at a concentration of approx. 0.80 μg/ml. This is evident in highly similar uncertainty values of repeatability-reproducibility CV k2 (CV k2 =CV k /√n, n=2) and uncertainty u 2rep0cal %, estimated for determinations performed in replicate and at two concentration levels: 0.80 and 10 μg/ml (Table 4) .
Uncertainty of the determination of eight tocol isomers, estimated at P≤0.05, includes all the stages of sample preparation and chromatographic analysis and errors due to other equipment inaccuracy (scales, pipettes and measuring fl asks, spectrophotometer), recovery errors, errors related to blank sample determination, calibration of chromatograph and standard purity. Together with the result treated as a mean from the measurements, uncertainty is of practical importance during the interpretation of the result and defi nes the range (%) in which the actual result value should be determined with 95% probability. The uncertainty determined in the present study expresses the error of analyses performed in one laboratory. It should be controlled during every analysis of the samples by checking repeatability, and can be greater for those analyses which fail to meet the repeatability criterion (limit of repeatability).
Recovery. The recovery examined in the current work covered all the analytical procedure and was high in contrast to Czauderna and Kowalczyk (2007) studies, that found serious losses just during saponifi cation. In fact, the tocols recovery values can be included in the broad ranges (58-129%) and depend on conditions, in wich this process is carried out . Unlike the studies of
